Phosphatidylinositol 4-kinases (PI4K) are enzymes responsible for the production of phosphatidylinositol 4-phosphates, important intermediates in several cell signaling pathways. In mammalian cells PI4KIIα is the most abundant membrane-associated kinase involved in a variety of essential cellular functions. However, the precise role(s) of PI4KIIα in the cell is not deciphered. Here we present an experimental protocol that employs the use of a chemical crosslinker DSP combined with immunoprecipitation and immunoaffinity purification techniques that identifies novel PI4KIIα interactors. PI4KIIα predictably participates in transient, low-affinity interactions that are stabilized by the use of DSP. Using this optimized protocol we have successfully identified actin cytoskeleton regulators -the WASH complex and RhoGEF, as novel interactors of PI4KIIα. While this chapter focuses on the PI4KIIα interactome this protocol can and has been used to generate other membrane interactome networks.
Introduction
Phosphatidylinositol 4-kinases (PI4K) have fundamental roles in lipid signaling and membrane trafficking [1] [2] [3] [4] . This kinase family is categorized into type II and III members, which are distinguishable by structure, function and subcellular localization [5, 6] . The focus of this chapter is on the type II family of PI4K. Yeast, flies and worms express a single isoform of PI4KII, whereas mammals have two isoforms of type II PI4Ks (PI4KIIα, PI4KIIβ) [2, 4, 7] . PI4KIIα is the most abundant membrane-associated PI4K in mammalian cells and is largely found on the trans-Golgi network and endosomes [8] [9] [10] [11] [12] [13] [14] [15] . Importantly, phosphatidylinositol 4 phosphate is present in Golgi and endosomes [16] . Biochemical and functional studies have demonstrated that PI4KIIα and β have several diverse functions including, but not limited to, regulating endosomal sorting of specific cargo proteins and recruitment of adaptor proteins, signal transduction, and the regulation of synaptic vesicle biogenesis [11, 12, 7, 15] . Mutations in PI4KIIα are implicated in tumorigenesis, spastic paraplegia suggesting that PI4KIIα is an important molecule in pathogenesis mechanisms and therefore an attractive clinical target [17, 18, 13] .
To further dissect the precise role of PI4KIIα in cellular pathways we sought to biochemically identify its molecular interactors [19] . One of the major challenges is that PI4KIIα is associated to membranes and there are technical complications linked to isolating a membrane protein interactome. These include (1) a relatively low abundance of PI4KIIα (2) the need for detergent solubilization which may only partially solubilize PI4KIIα or its in vivo interactions and (3) predictably PI4KIIα is involved in dynamic cellular signaling pathways and therefore it is likely that PI4KIIα engages in low affinity interactions and this potentially excludes the use of stringent methods for the isolation of PI4KIIα network proteomes [20] .
Here we describe a method that employs the use of chemical crosslinkers to allow the selective stabilization of transient interactions, thus circumventing the limitations for biochemical isolation [21, 20, 22, 19, 23, 24] . This protocol is applied to cells in culture and uses a homobifunctional membrane permeable crosslinker DSP (dithiobis-(succinimidyl proprionate) with a 12 Å spacer arm [25] . DSP crosslinks amine-reactive ester groups to bind primary amines such as lysines or the amino acid terminus of proteins. Under denaturing conditions DSP is cleaved by reduction of a disulphide bond present in the molecule. Cross-linking followed by immunoprecipitation and/or immunoaffinity chromatography of proteins of interest (in this case PI4KIIα) with magnetic beads permits the isolation of protein complexes that otherwise would not be amenable to stringent purification techniques. This protocol is typically compatible with regular immunoblot techniques and it can be scaled up for protein identification by quantitative mass spectrometry.
This protocol has been successfully used to construct network proteomes using various cellular baits [21, 20, 22, 19, 23, 24] . In particular, we have effectively isolated PI4KIIα and its novel interactors by quantitative immunoaffinity purification from in vivo cross-linked cell lysates [19] . We found that PI4KIIα interacted with proteins involved in actin cytoskeleton polymerization -primarily the WASH complex and RhoGEF1. These interactions were confirmed by alternate biochemical, genetic and imaging methods [19] . The interactions between PI4KIIα and WASH are particularly interesting since both molecules have been independently implicated in onset of the neurodegenerative disorder in mice -spastic paraplegia [26, 13] . This newly discovered molecular interaction between PI4KIIα and the WASH subunits could begin to explain the cellular pathways that ultimately lead to the disease phenotype. The method presented here is applicable to any membrane protein anchored by palmitoyl moieties.
Materials

Crosslinking and cell lysis
1.
Phosphate-buffered saline (Thermo Fisher Scientific) buffer with 0.1mM CaCl 2 and 1mM MgCl 2 (PBS/Ca/Mg). Store at 4°C.
2.
10X stock buffer for lysis and immuno-magnetic-precipitation (IP) buffers -(100mM HEPES, 1.5M NaCl, 10mM EGTA, 1mM MgCl2; pH 7.4 (10X Buffer A). The 10X buffer A solution is diluted to 1X as required.
3.
Lysis Buffer -1X Buffer A + 0.5% Triton X-100 (made from a 20% stock) + Complete Protease Inhibitor Cocktail (Roche) (50X solution -1 tablet dissolved per ml of Milli-Q water stored at -20°C).
4.
Stock Crosslinking solution -100 mM solution of DSP (Thermo Fisher Scientific) (40mg of DSP dissolved in 1ml DMSO). Solution must be prepared fresh every time. Care must be applied to maintain DSP crystal stock free of moisture.
5.
50X Crosslinking quenching solution -1M TRIS to pH 7.4. Store at room temperature.
Immunoprecipitation and elution (Immunoaffinity precipitation)
1.
Immuno-Magnetic Precipitation Buffer (IP Buffer) 1X Buffer A + 0.1% Triton X-100. Store at 4°C.
2.
Beads -Dynal magnetic beads (Invitrogen).
3.
Antibodies and antigenic peptide: PI4KIIα antibody used was raised against the sequence 51-PGHDRERQPLLDRARGAAAQ-70. The antigenic peptide was diluted to a 20 mM stock in 0.5 M MOPS, pH 7.4, and stored at −80°C. Alternatively, we have triple FLAG-tagged proteins to purify their interactors [22] .
4.
Elution buffer: The PI4KIIα peptide was diluted in lysis buffer to a final concentration of 200 μM.
Analysis of results
Gel electrophoresis -Samples were resolved by SDS-PAGE electrophoresis, typically using a 4-20% gel, followed by either, MS/MS analysis, silver stain or immunoblotting using the PI4KIIα antibody and antibodies against the identified interacting partners to detect individual proteins [22, 19] .
Methods [24]
3.1. Crosslinking and Cell Lysis
1.
Cells were grown to ~75-90% confluency and placed directly on ice. The media was aspirated and cells washed twice in ice cold PBS/Ca/Mg buffer.
2.
Cells were then incubated either in freshly made DSP crosslinker solution diluted to 1mM in the PBS/Ca/Mg buffer or a DMSO alone control for 2h in an ice bath. Gently swirl the solution and ensure all cell monolayer is covered with the DSP solution. Note that there is formation of DSP crystals on the solution yet this is not a concern (see notes below).
3.
The crosslinking reaction is quenched by addition of a 25 mM Tris solution for 15 min on ice.
4.
Cells were washed twice in ice-cold PBS/Ca/Mg and lysis buffer was added to the cells. Depending of the membrane protein the lysis buffer may need to be adjusted. Some membrane proteins may need extra salt, ionic detergent, or chaotropic agents. Additionally, sonication of samples may increase the yield of solubilized protein. Cell debris was scraped from the plates and put in Eppendorf tubes and placed on ice for 30minutes. Lysates were then spun at 16,100 × g for 15 min. The supernatant was recovered and diluted to 1 mg/ml for immunoprecipitation.
Preparation of beads for immunoprecipitation
1.
30ul of the Dynal beads were added to 500ul of the IP buffer in screw-top microcentrifuge tubes. To this slurry the PI4KIIα antibody was added to coat the beads. Antibody-free and non-specific antibody tubes were prepared as negative controls. Additionally PI4KIIα peptide competition controls were included where the PI4KIIα antigenic peptide (final concentration 40uM) was included in the immunoprecipitation reaction.
2.
The tubes were inserted in an end to end rotor for 2h at room temperature.
3.
After 2h the beads were washed twice in IP buffer.
Immunoprecipitation and Immunoaffinity purification
1.
500ug of the lysate was added to each of the beads coated with antibodies as well as the control beads and the mixture was incubated at 4°C for 2h in end to end rotors.
2.
After incubation the beads were washed 6 times for 5 minutes in the IP buffer. All the washes were done in ice cold conditions at 4°C.
3.
Proteins were then eluted from the beads either by boiling in Laemmli sample buffer at 75°C for 5 min (immunoprecipitation). This will elute all IgG from beads and in addition proteins that may bing non-selectively to beads. Elution can be done by incubating with the antigenic peptide for 2 h on ice (immunoaffinity purification). In case of the peptide elution the antigenic PI4KIIα peptide was diluted in lysis buffer to a final concentration of 200 μM. This elution protocol completely eliminates bead IgG and non-selectively bound proteins.
4.
Samples were then resolved by SDS-PAGE electrophoresis followed by MS/MS analysis, silver stains or immunoblotting protocols. We used commercially prepared gels and Laemmli buffer for mass spectrometry studies to minimize contaminants.
Notes
1.
The PBS/Ca/Mg buffer should be stored at 4°C. Calcium and magnesium ions in the PBS buffer are required to maintain adhesion of the cells to the tissue culture plate during the experiment.
2.
For preparation of stock 20% Triton X-100 -10g Triton X -100 is diluted in total volume of 50 ml Milli-Q Water. The stock solution is stored at 4°C. Do not use and store for more than a month.
3.
The DSP crosslinking solution must be made fresh, right before adding it the cells. DSP is highly hydrophobic and is dissolved in DMSO before diluting with warm PBS/Ca/Mg buffer. Warming of the PBS/Ca/Mg buffer in a 37°C water bath prevents precipitation of the DSP crystals [24] .
4.
Since the cells need to maintain a temperature of 4°C, the DSP solution should be placed in an ice bath once the DSP is completely solubilized in the warm PBS/Ca/Mg buffer. In the event that DSP is not completely solubilized, significant amounts will precipitate when the solution cools. If this occurs, the solution should be reheated to 37°C for complete solubilization. In case DSP repeatedly falls out of solution, fresh DSP solution must be prepared to ensure effective crosslinking. Once DSP is applied to cells in the ice bath it is normal to see the development of a crystalline layer in the wells of DSP treated cells over time. The presence of this layer does not obstruct the cross-linking chemistry in cells [24] .
5.
10μL of the DSP stock solution is added to every 1 mL of warm PBS/Ca/Mg buffer. The DSP stock solution must be added drop wise with repeated mixing until all the DSP has dissolved. A control solution of 10 μL DMSO added to every 1 mL of PBS/Ca/Mg buffer is also used.
6.
Volumes required for each plate size. 
7.
Dynal magnetic beads conjugated to sheep anti rabbit IgG were used to bind the PI4KIIα antibody for isolation of PI4KIIα associated proteins. The use of screwcap microcentrifuge tubes and end-to-end rotors is critical to the protocol.
8.
This protocol has been applied to various cell types [21, 22, 19, 23] . The number of plates required per experiment is subjective to the goal of the experiment and is dependent upon the yield of total protein the cell type provides. Each standard tube reaction required 500 ug of total protein. Samples from a single tube might be sufficient for identification/confirmation of interactors by western blot analysis. However, for quantitative MS/MS analysis the number of experimental reactions should be increased at least 10 times for efficient identification [21, 22, 19, 23] . In this latter case the samples are ultimately concentrated to workable volumes by TCA precipitation. 
